The spatial distribution of intracellular Ca2+ concentration was determined by fluorescent digital imaging microscopy in fura-2-loaded quiescent cardiac myocytes isolated from guinea pig ventricle. Fluorescent ratio images revealed discrete as well as clustered bright fluorescent spots ("hot spots"), which occupied approximately 20-50% of an individual cell's area. The fluorescent intensity and the area of the hot spots were increased by agents that deplete Ca>2 in the sarcoplasmic reticulum, namely, ryanodine (20-40 nM) and caffeine (5-15 mM). However, when cells were exposed to agents that deplete mitochondrial Ca2 , such as the protonophore, carbonyl cyanide m-chlorophenyl-hydrazone (CCCP, 100-300 nM), or the inhibitor of electron transport, antimycin A (4-40 nM), the fluorescent intensity and the area of the hot spots were reduced. These results indicate that the spatial distribution of intracellular Ca2+ concentration in the ventricular myocytes of guinea pig is quite heterogeneous. The ability of CCCP and antimycin A, but not of caffeine and ryanodine, to reduce the fluorescent intensity in the hot spots implies that Ca2+ compartmentation in the mitochondria is largely responsible for the intracellular Ca2+ heterogeneity seen in the present study. (Circulation Research 1990;66:234-241) T he recent development of a series of fluorescent Ca2' indicators and fluorescent digital imaging microscopy (FDIM) offer the opportunity to monitor the spatial and temporal distribution of intracellular Ca2' concentration ([Ca2"j) in individual living cells.1'2 Several studies have shown a striking heterogeneity of [Ca2+]i distribution in different types of cells.3-10 One reason that FDIM can reveal spatial heterogeneity of [Ca2]i is the ability of intracellular organelles to trap the fluorescent indicator by converting the acetoxymethyl ester form of From the Department of Pharmacology (D.
Brief Communications
Spatial Heterogeneity of Intracellular Ca2+ Concentration in Nonbeating Guinea Pig Ventricular Myocytes Daniel J. Williford, Virendra K. Sharma, Michael Korth, and Shey-Shing Sheu
The spatial distribution of intracellular Ca2+ concentration was determined by fluorescent digital imaging microscopy in fura-2-loaded quiescent cardiac myocytes isolated from guinea pig ventricle. Fluorescent ratio images revealed discrete as well as clustered bright fluorescent spots ("hot spots"), which occupied approximately 20-50% of an individual cell's area. The fluorescent intensity and the area of the hot spots were increased by agents that deplete Ca>2 in the sarcoplasmic reticulum, namely, ryanodine (20-40 nM) and caffeine (5-15 mM) . However, when cells were exposed to agents that deplete mitochondrial Ca2 , such as the protonophore, carbonyl cyanide m-chlorophenyl-hydrazone (CCCP, 100-300 nM), or the inhibitor of electron transport, antimycin A (4-40 nM), the fluorescent intensity and the area of the hot spots were reduced. These results indicate that the spatial distribution of intracellular Ca2+ concentration in the ventricular myocytes of guinea pig is quite heterogeneous. The ability of CCCP and antimycin A, but not of caffeine and ryanodine, to reduce the fluorescent intensity in the hot spots implies that Ca2+ compartmentation in the mitochondria is largely responsible for the intracellular Ca2+ heterogeneity seen in the present study. imaging microscopy (FDIM) offer the opportunity to monitor the spatial and temporal distribution of intracellular Ca2' concentration ([Ca2"j) in individual living cells.1'2 Several studies have shown a striking heterogeneity of [Ca2+]i distribution in different types of cells.3-10 One reason that FDIM can reveal spatial heterogeneity of [Ca2]i is the ability of intracellular organelles to trap the fluorescent indicator by converting the acetoxymethyl ester form of fura-2 (fura-2-AM) to its Ca2-sensitive form. For example, spatial heterogeneity of [Ca21]i, originating from differences in Ca>2 distribution in the cytoplasm, nucleus, and sarcoplasmic reticulum, has been detected in fura-2-loaded toad stomach smooth muscle cells .3 In cardiac muscle cells, intracellular organelles might also trap fura-2 and, therefore, contribute to measured [Ca21]i. Of particular interest are the mitochondria and sarcoplasmic reticulum, which are known to play active roles in intracellular Ca>2 buffering. Quantitative morphological studies in cardiac muscle have shown that mitochondria and sarcoplasmic reticulum occupy about 30-50% and 1-4% of cell volume, respectively.1112 Therefore, one might expect that if fura-2 could be trapped in the large number of mitochondria in heart cells, the intramitochondrial Ca>2 would be a major contributor to the overall fura-2 fluorescence from the cells.
Indeed, if the intramitochondrial [Ca2+]i could be distinguished from the cytosolic [Ca21]i, it would be possible to monitor intramitochondrial [Ca2+]i in intact living heart cells with FDIM. Recent studies have demonstrated that fura-2 can be trapped in mitochondria of intact vascular smooth muscle cells13 and endothelial cells.14 In addition, isolated mitochondria from rat heart1'-17 and liver18 have been shown to convert esterified fura-2 to its Ca2+_ sensitive form.
The purpose of the present study was to monitor the spatial distribution of [Ca2+]i with FDIM in single cardiac myocytes isolated from guinea pig ventricle. In addition, the possible role of intracellular organelles, such as sarcoplasmic reticulum and mitochondria, in contributing to the apparent spatial heterogeneity of [Ca2"Ji was assessed. Finally, the strengths and weaknesses of using fura-2 and FDIM in investigating the Ca2' compartmentation in adult cardiac myocytes were discussed. Some of the present results have been reported in abstract form.19
Materials and Methods
Isolated myocytes were prepared from ventricles of adult guinea pigs by enzymatic dissociation according to the method we have previously described.20 Briefly, after guinea pigs were anesthetized with ether, the thorax was opened, and the heart along with a 5-mm section of the aortic arch was quickly excised. The heart was then attached to a cannula inserted into the aorta and perfused with Joklik tissue culture medium containing collagenase and various concentrations of CaCl2. After dissociation, the cells were suspended in a bicarbonate-buffered Krebs-Henseleit solution containing (mM) NaCI 120, KCl 4.8, CaCI2 2, MgCl2 2, NaHCO3 25, KH2P04 1.2, glucose 10, and bovine serum albumin (fraction V) 2%, adjusted to a pH of 7.4. The cells were then loaded with fura-2-AM (3 ,M) dissolved in dimethyl sulfoxide with 1.25 gl/ml of 25% pluronic acid (Molecular Probes, Eugene, Oregon) for 30 minutes at 370 C. After loading, the cells were washed and centrifuged twice at 37g for 1 minute and then resuspended in fresh bicarbonate-buffered Krebs-Henseleit solution to remove extracellular fluorescent indicator. The cells were then stored in bicarbonate-buffered Krebs-Henseleit solution at 370 C for at least 1 hour before being used for fluorescent measurements. This step allowed adequate time for fura-2-AM to gain access into intracellular organelles and to be converted to fura-2 free acid. Under these conditions, the intracellular fura-2 concentration was 23-+±1 ,uM (mean+ SEM, n = 11). For fluorescent measurements, a small droplet of the buffered-solution containing several hundred cells was added to a tissue chamber on the stage of a Nikon inverted microscope equipped for epifluorescence. The bathing solution in the tissue chamber (0.25 ml in volume) contained the following (mM): NaCl 145, KCI 5, CaCl2 2, MgCl2 2, glucose 10, and HEPES 10 (adjusted to a pH of 7.4 and equilibrated with 100% 02). The solution was heated to 370 C by circulating warm water around the tissue bath. Since the oil immersion microscope objective (x 100, Neofluar, Zeiss, Thornwood, New York) touched the bottom of the tissue chamber (model #1 micro cover glass, VWR Scientific, San Francisco, California), the temperature of the cell in focus may be lower than 370 C due to heat loss through the objective. After the cells settled at the bottom of the tissue chamber. a cell with optimal fluorescent inten-sity for a preadjusted camera gain (SIT camera, Dage MTI 65, Michigan City, Indiana) was chosen for the experiment. This camera-gain setting was selected to be below the level at which autofluorescence from unloaded cells could be detected. A bright-field image of the cell was taken first and stored for later comparison with the fluorescent images. This cell image was also used to outline an "area of interest" with an optical mouse that encompassed the entire cell and removed most of the noncellular background region.21 This limited the total number of pixels that must be handled by the computer; thus, acquisition and storage of data was more efficient. The cell was sequentially excited at 340 and 380 nm wavelength light, and the emitted fluorescent images of the cell at 510 nm were captured by the SIT camera. Excitation light was changed by manually sliding a filter holder containing narrow bandpass filters (5-10 nm half bandwidth) centered at 340 and 380 nm (Omega Optical, Brattleboro, Vermont). Cells were exposed to the excitation light by opening an electronic shutter (Uniblitz, Vincent Associates, Rochester, New York) for 150 msec to avoid phototoxicity and photobleaching. This exposure time was also adequate to compensate for camera lag. Fluorescent images within the area of interest were digitized by an image processor (FG-100-AT, Imaging Technology, Woburn, Massachusetts) housed in a microcomputer (Compaq 286 Deskpro, Houston, Texas) at a pixel resolution of 512 horizontal x480 vertical. An intensity threshold for the sum of corresponding pixel intensities in the two images was chosen to further exclude noncellular fluorescence.4 The fluorescent ratio image was determined by dividing the two images on a pixel by pixel basis (340/380) and stored on hard disk.
Calibration of the fluorescent ratio at various Ca21 concentrations was performed at the beginning and the end of each experiment. This was done at the same gain setting of the camera that was used to record data, eliminating gain-change nonlinearity and camera instability as potential problems. We performed an "in vitro" calibration by placing fura-2 (5 ,uM) HEPES-buffitred solution. The rainbow color spectrum correlates with the concentration of fi-ee Ca as obtained from in vitro calibrationi. As indicated inz the tex,t the in vitro calibration may niot be slitablef&r the quantification of Ca'2 councenztration ([Ca]l) in the inztraicelllularorganelles. Nevertheless, for the plurpose of qluanitificatiozn of cvtosolic Ca ' concentration (which can be referenced to the in v.itro calibration), the corresponding Ca' conicentr-ationz withi laiou si.5 colors is labeled itn thefigure. The cvtosolic Ca conicenitration is approxi;natelv! 85 nM,.V. The lorizonztal bar is 20 tun in lenigthz. B. C anzd D: The effect of rvanodine (20 nM) oni [Ca] Thle fluorescent ratio imniage was taken 5 minuites (B), 10 minutztes (C), anzd 15 minu ztes (D) aiftet the addition ofreanodi ne.
Ryanodine enzhantced overall fluorescenzce in tle celL absence of Ca', and Sb1 is the 380 nm excitation signal at saturating [Ca +].
Results
The spatial distribution of [Ca +] in a cardiac muscle cell incubated in the control solution is shown in Figure IA . The rainbow color scale on the right corresponds to various values of [Ca2+] that were obtained from an in vitro calibration. There are several interesting characteristics of this picture: 1) the fluorescent ratio image, which is indicative of intracellular free Ca+ concentration, shows significant spatial heterogeneity; 2) the areas of higher fluorescence (in green, yellow, and red color) com-posC about 35% of the total image; and 3) the hot spots are either discrete or clustered.
To identify the possible intracellular organelles that might be responsible for these hot spots, agents that influence Ca>+ transport sYstems in the sarcoplasmic reticulum and mitochondria were used. Ryanodine and caffeine have been shown to deplete Ca' peaked around 1 minute after exposure ( Figure 2C ) and gradually decayed in 4 minutes to a level still slightly higher than the control level ( Figure 2D ). The key point for this experiment is that the hot spots were still apparent in the presence of caffeine. In 11 other experiments, 5-15 mM of caffeine produced the same results.
To probe the possible role of mitochondria in the genesis of the bright spots, Figure 3 shows an experiment in which the H' ionophore. carbonyl cyanide m-chlorophenyl-hydrazone (CCCP, 200 nM), was used. After 2 minutes ( Figure 3B ), 6 minutes ( Figure   3C ), and 8 minutes ( Figure 3D3 ) of exposure, the intensity and the area of the bright spots in the control cell decreased significantly. There was little change in the cytosolic fluorescence under these conditions. Similar results were obtained in 14 other cells treated with 100-300 nM of CCCP. In addition to CCCP, which dissipates the electrochemical gradient of mitochondria, antimycin A can also reduce Ca>' uptake in mitochondria by inhibiting the electron transport. Figure 4 shows that antimycin A (4 nM) diminished the fluorescent intensity of the bright spots after 3 minutes ( Figure 4B Interestingly, the cell shortened by approximately 10% after 10 minutes exposure to antimycin A. Similar results were also obtained in 19 other cells with the treatment of 4-40 nM antimycin A.
Discussion
There are three major observations in the present study: 1) the spatial distribution of [Ca2 ]' in ventricular myocytes of guinea pig is heterogeneous; 2) the heterogeneity in [Ca2>], is enhanced by agents that deplete Ca2+ in the sarcoplasmic reticulum; and 3) the heterogeneity in [Ca>+] , is reduced by agents that deplete Ca> in the mitochondria.
With the use of fluorescent digital imaging microscopy, several groups have now reported spatial variation of [Ca ], in single cells. These include toad stomach cells, PtK, kidney cells,4 cultured mammalian central nervous system cells,5 10' rat ventricular myocytes,7 ferret vascular smooth muscle cells,9 and various types of cultured animal cells.8 Factors responsible for the spatial variations of [Ca>]i seen in these studies were metaphase-anaphase transition, receptor- spots observed in the present study imply that [Ca>] is higher in these areas. However, precise quantification would require an in vivo calibration of fura-2 under the appropriate conditions. In this regard, several questions need to be considered: 1) Is the fluorescent property of fura-2 in the mitochondria similar to that of the free acid form of fura-2 in the regular calibrating solution? It has been found, in polymorphonuclear leukocytes, that some intermediate products from fura-2-AM hydrolysis were Ca>2 insensitive and, thus, could contaminate fluorescent measurements.21) We have determined the excitation spectra of fura-2 that associated with intracellular organelles by Triton X-100 lysis. The results showed that these spectra were identical to those obtained from the fura-2 free acid form. This is consistent with several recent studies that showed isolated mitochondria from rat heart cells were capable of converting fura-2-AM into its Ca>-sensitive form. '5 -7 In addition, in guinea pig ventricular myocytes, the fluorescent signals are the same in cells loaded with fura-2-AM or by internal perfusion with fura-2 free acid. 27 2) Does the in vitro calibrating solution simulate the intramitochondrial ionic composition? The mitochondria have different ionic compositions compared with cytoplasm; therefore, the values obtained from calibration solutions, which simulated cytosolic ionic compositions, may not be applicable to the Ca>' determination in mitochondria. 3 ) Is there photobleaching of fura-2 during the process of experiments? A recent report has shown that partially photobleached fura-2 produces an intermediate that remains fluorescent, but may not have the same characteristics as free fura-2 acid. 28 We have minimized photobleaching in the present study by shortening the exposure time of the cells to excitation light to 150 msec with a computer-controlled electronic shutter and found that absolute fluorescent intensity remained stable well beyond the duration of our present observations. In addition to these aforementioned considerations, there are other factors associated with peformance of video imaging systems that can influence quantification of fluorescent measurements, such as spatial resolution of the camera, shading, slurring, blooming, geometrical distortion of the images, and out-of-focus fluorescence.2 For example, the average area of a single mitochondrion in rat ventricular myocyte is approximately [1] [2] [3] [4] M2.31 This is theoretically equivalent to 7-27 pixels in our imaging system (1 pixel, 0.43x0.35 gmi). Therefore, the fluorescent signal from one single mitochondrion is subjected to error due to small spatial signal-to-noise ratio. This probably is one reason that we saw a variation of fluorescent intensity in the hot spots. Of course, it is also possible that the mitochondria contain a range of [Ca2+],. Moreover, the thickness of adult guinea pig ventricular myocytes is around 10 gm. Therefore, the contribution of fluorescence from out-of-focus planes would distort the apparent view of the focused plane. This problem can be resolved either by using microscopes with higher resolution such as a confocal microscope31 or by using thinner cells such as cultured heart cells. We have recently monitored the spatial distribution of [Ca2>], in cultured neonatal rat ventricular cells. The results indicated that intracellular organelles, including mitochondria, contributed to the heterogeneity of [Ca-'-1j.32
In the face of these technical limitations, it is rather difficult, at this moment, to provide either a precise value of [Ca>], in the bright spots or a precise percentage of the area of hot spots. In 60 guinea pig ventricular cells, when the in vitro calibration was used, the apparent cytosolic Ca>+ concentration was 73+5 nM (mean+SEM). The apparent [Ca2] in the hot spots was 2-5 times higher than that of the cytosol. The free Ca2+ concentration, as measured by fura-2, in isolated mitochondria was approximately 100-300 nM. [15] [16] [17] Electron microscopic studies indicate that mitochondria comprise, with species variations, 25-50% of the total volume of cardiac myocytes. They distribute throughout the cells in three particular areas: 1) intermyofibrillar, 2) perinuclear, and 3) beneath the sarcolemmal regions.33 It has been shown that the interfibrillar mitochondria are rod-shaped and that the perinuclear mitochondria are spherical and clustered. The hot spots obtained in the present study indicate a discrete and clustered pattern that may be due to the contribution from different populations of mitochondria. The morphologically distinct subtypes of mitochondria may have different intramitochondrial [Ca21]. This may contribute to the unequal fluorescent intensity of the hot spots we have observed. This characteristic of fura-2 image also was seen in the images obtained from cells loaded with a mitochondrial marker, rhodamine 123 (Sharma et al, unpublished data). Finally, our preliminary results have shown that, unlike the guinea pig ventricular myocytes, the spatial distribution of [Ca'+]i in rat ventricular myocytes was quite uniform (Sharma et al, unpublished data).
The most interesting observations in the present study, however, were the changes in [Ca2]i seen under various pharmacological manipulations. The fact that the spatial heterogeneity of [Ca2+]i was altered by agents that are widely used to probe intracellular Ca2+ transport systems suggests that fura-2 is compartmentalized intracellularly. The compartmentation of [Ca2+]i seen in the present study likely originates from mitochondria; this inference is indicated by observations that caffeine and ryanodine enhance, whereas CCCP and antimycin A diminish, the fluorescent intensity of the bright spots. The finding that the fluorescent intensity of the bright spots can be altered suggests that the Ca2+ regulation of intracellular organelles might be measurable in intact living cells.
The physiological role of mitochondria in the regulation of cytosolic [Ca21] is still a controversial issue. Studies from isolated mitochondria and saponinpermeabilized cells suggest that the affinity of mitochondria for Ca2+ is about 10-20 ,gM, which is too high to have any physiological significance.34 Moreover, electron probe x-ray microanalysis indicates that mitochondria contain very little Ca`.35 It should be pointed out, however, that isolated mitochondria or saponin-permeabilized cells may lose intracellular constituents that are essential for their physiological function. In addition, the sensitivity and selectivity of the electron probe x-ray microanalysis limit its ability to measure small amounts of Ca2. The observations that bright spots were enhanced by caffeine and ryanodine suggest that mitochondria may play an important role in buffering small changes in cytosolic [Ca2+]. The use of fura-2 and other mitochondrial fluorescent markers such as rhodamine 12336 may provide opportunities to reinvestigate these important questions in intact living cells. Finally, the recognition of subcellular compartmentation of fura-2 implies that spectrofluorimeter measurements of [Ca2]i with a photomultiplier may be in error. Photomultiplier techniques average the fluorescent signal, either from an area within a single cell or from a suspension of whole cells, and cannot adequately account for the spatial heterogeneity that exists within individual cells. Therefore, we caution investigators using photomultiplier detection techniques to measure [Ca2"]i with fluorescent indicators in the interpretation of their fluorescent signals.
